By using a duplex-coated carbon fiber felt, copper welding to aluminum is successfully developed. The first step of the welding method is that the felt is contacted and wrapped with molten aluminum, which is solidified under gravity pressure. The second step is that the aluminumwelded felt is contacted and wrapped with a molten copper, which is solidified under gravity pressure. The carbon fiber junction device is a fiberreinforced alloy and acts as a joining part of copper and aluminum. Tensile strength of the junction device of carbon fiber reinforced Cu-25 at%Al alloy is higher than those of a Cu-25 at%Al alloy and an aluminum rod.
Introduction
Airplanes and racing cars are dream worthy mover machines. Aluminum, already applied for engine parts, has been a light structural metal to save their energy and to enhance their mobility, whereas copper, applied for heat sink, has been a high thermal conductive and sparkles metal. If the copper-aluminum welding with light, high strength, sparkles and high thermal conductivity is expected to be developed, it can be applied for parts of a racing car fuel system to save its energy and to enhance its mobility with large heat sink.
On the other hand, strengthening of fiber-reinforced metals has been studied. Percussion welding method to join the carbon fiber with iron or steel has been successfully developed for heat resistant thermal sensor. 1, 2) On the other hand, a copper-aluminum joint process by using a carbon fiber reinforced alloy (CFRA), which is constructed with a carbon fiber felt of 7 mm thickness and Cu-25 at%Al alloy, has been also successfully developed for the fuel system. The purpose of the present work is to evaluate the effects of the carbon fiber reinforcement on the tensile strength and deformation resistance at each strain in the Cu-25 at%Al alloy.
Experimental Procedure
By using a duplex-coated carbon fiber felt (13 mm diameter of long carbon fiber, 7 mm felt thickness and 41.1 kg/m 3 felt density), the carbon fiber reinforced Cu-25 at%Al alloy joining device was developed, as shown in Figs. 1(a) and (b) . The nickel interlayer and aluminum surface skin films were coated by DC-magnetron spattering device. The leak rate, residual gas pressure, argon gas sputtering pressure, sputtering potential, sputtering current and deposition rate were from 8 Â 10 À6 to 1 Â 10 À4 PaÁm 3 /s, below 1:5 Â 10 À3 Pa, 5:0 Â 10 À1 Pa, 300 V, 0.7 A and 30 mm/h, respectively. The carbon fiber felt surface was covered with the nickel film. One side of felt was covered with the aluminum film. In order to mutate the carbon fiber felt into compressive sizes, the mass density of carbon fibers was controlled by different diameters of carbon ring calibers. The first step of the welding method was that the felt was contacted and wrapped with molten aluminum, which was solidified under gravity and pressure. The electron beam melting was performed by 10 kV potential and 15 AE 5 mA current under 1:3 Â 10 À3 Pa of residual gas pressure. The second step was that the aluminum-welded felt was contacted and wrapped with a molten copper, which was solidified under gravity pressure. The carbon fiber junction device was a fiber-reinforced alloy and probably acted as one of ideal joint parts of copper and aluminum.
The morphology was observed by using a SEM (JSM 6300F, JEOL, Tokyo). Composition distributions of carbon, aluminum and copper elements were detected by using an EDS (JSM-6301F, JEOL, Tokyo). The X-ray diffraction was measured by using an XRD (Miniflex, Rigaku, Cu-K) on 10 À3 deg/s of scanning rate.
To evaluate strength of the joint device, the sample for tensile test was prepared, as shown in Fig. 1 . Their sizes were 20 mm for sample length, 8 mm for measurement length, 2.5 mm for measurement width and 1.5 mm for sample thickness. Stress-strain curves were obtained at a constant strain rate of 2 Â 10 À3 s À1 using by means of an Instron type tensile machine. Figure 2 shows stress-strain curves of Cu-25 at%Al alloy and carbon fiber reinforced Cu-25 at%Al alloy (CFRA). The carbon fiber reinforcement enhances the deformation resistant stress at each deformation strain, as well as the tensile strength from 141 to 195 MPa for Cu-25 at%Al alloy. Since the tensile strength of pure aluminum is about 150 MPa, the strength of the CFRA is higher than that of aluminum. When the fracture probably occurs in aluminum articles, the crack doesn't generate at the joining part in the CFRA. It probably grows up at aluminum weak part.
Results
The homogeneous deformation is roughly found below 0.0245 of strain in the CFRA, whereas the heterogeneous deformation is observed from 0.0245 to 0.037. Although the carbon fiber reinforcement enhances the tensile stress, the reinforcement doesn't decrease the fracture strain (0.037) for Cu-25 at%Al alloy. Figure 3 shows cross sectional SEM micrographs of the carbon fiber reinforced Cu-25 at%Al alloy (CFRA) before and after tensile test. The carbon fibers are observed in the Cu-25 at%Al alloy. The ratio of carbon fiber in the CFRA is 2.9 vol%. The ductile fracture surface of the Cu-25 at%Al alloy matrix is observed, as shown in Fig. 3(b) . The holes after pullout of carbon fibers are also observed, simultaneously. On the other hand, the carbon diffusion layer and carbides in Cu-25 at%Al alloy cannot be remarkably observed. In addition, diffusions of aluminum and copper atoms in carbon fiber cannot be clearly detected. Since reactions of carbon fiber with the Cu-25 at%Al alloy proceed slowly, its strength may not become decay. strength are confirmed for the CFRA joint device to joint aluminum with copper. If the carbon fiber acts as a deformation resistance by fiber-reinforcement, the high joint strength is explained, as shown in Fig. 2 . The deformation stress () is expressed by a following equation.
Here, k and n are the strain hardening coefficient and its exponent, respectively. If the experimental error is corrected by the o value, the experimentally obtained stress-strain curves are expressed by a following equation.
Linear relationships expressed by a following equation are obtained.
If the intercept (log k) and slope (n) can be determined, the linear relationships between logarithmic stress (log½ À o ) and logarithmic strain (log ") of Cu-25 at%Al alloy and its CFRA are obtained, as shown in Fig. 6 . When the correlation coefficient is 0.9984 at 3.0 MPa of o (see Fig. 7 ), the n and log k values of Cu-25 at%Al alloy are 0.9026 and 8.671 (see Fig. 6 ), respectively. Since the deviation point from eq. (3) is 0.01, the micro-stress relaxation probably occurs from 0.01 to fracture strain in Cu-25 at%Al alloy, as shown in Fig. 2 . On the other hand, when the correlation coefficient of CFRA is 0.9994 at 16.2 MPa of o (see Fig. 7 ), the n and log k values are 0.8984 and 8.65 for the carbon fiber reinforced Cu-25 at%Al alloy (CFRA) (see Fig. 6 ), respectively. Although the homogeneous deformation area below 0.0245 is roughly observed in Fig. 2 , the deviation point from eq. (3) is 0.015 of CFRA. Thus, the micro-stress relaxation probably occurs from 0.015 to 0.0245 in CFRA. Based on the results, we conclude that the carbon fiber reinforcement enhances the start point of micro-stress relaxation and then prevents to start the heterogeneous deformation.
Based on the stress-strain curves of Cu-25 at%Al alloy and its CFRA (see Figs. 2 and 6 ), the deformation resistant values (d=d") are estimated.
Figure 8 shows a strain dependent deformation resistant value (d=d") related to elasticity at each deformed strain below 0.015 in homogeneous deformation of Cu-25 at%Al alloy and its CFRA. The deformation strain decreases the d=d" value from 11 to 8 GPa of the CFRA. The carbon fiber reinforcement slightly enhances the deformation resistant value (d=d"), as shown in Fig. 8 . The slight effect of carbon fiber reinforcement on homogeneous deformation resistance is confirmed in the carbon fiber reinforced Cu-25 at%Al alloy.
4.2
The minimum fracture stress of carbon fiber in CFRA A rule of mixture has been applied for the carbon fiber reinforced polymer (CFRP).
3) If the rule can be also applied for the CFRA, the deformation resistant stress of carbon fiber ( CF ) at each deformed strain is expressed by a following equation. 
Here, CFRA , Al-Cu are deformation resistant stresses of CFRA and Cu-25 at%Al alloy. When S CFRA , S Al-Cu and S CF are area ratios of CFRA, Cu-25 at%Al alloy and carbon fiber, S CF =ðS Al-Cu þ S CF Þ is 0.029 for CFRA (see Fig. 3(a) ). If the first fracture of carbon fiber in the CFRA occurs at the start point (0.0245) of relaxation (stress drop) in Fig. 2 , the lowest value of fracture stress of the carbon fibers in the CFRA is assumed to be CF value obtained by using the CFRA (195 MPa) and Al-Cu (141 MPa) values (see Fig. 2 ). Thus, the lowest fracture stress of carbon fiber, assumed to be equal to the CF value, is about 1.9 GPa, which is the less than that of fracture stress of commercially used carbon fiber. 3) Since the reaction of carbon fiber with the Cu-25 at%Al alloy matrix proceeds slowly enough, the new process including melting and solidification may not decay the fiber strength. In addition, the carbon fiber acts as a deformation resistance by fiber-reinforcement. Thus, the high joint strength can be expected.
Pullout mechanics in heterogeneous deformation
The heterogeneous deformation apparently occurs in the CFRA from 0024 to 0.037 of deformed strain, as shown in Fig. 2 . Pullout holes of carbon fibers in Cu-25 at%Al alloy matrix are observed in the ductile fracture surface with the microscopic dimple pattern in the SEM micrograph of Fig. 3(b) . Since the pullout mechanics relaxes the loaded stress, it prevents to propagate the cracks in the CFRA.
Based on the results, the pullout mechanics on the heterogeneous deformation is explained as follows. The reactions of carbon fiber with the alloy apparently occur slowly (see Fig. 4 ). Figure 4 shows SEM imaging micrographs and EDS elements distributions of carbon fiber and Cu-25 at%Al alloy matrix. Based on the EDS results of atoms distributions, the large amounts of atoms have not migrated. Thus, the diffusion layer and carbides, which enhance the friction force to prevent the pullout of carbon fiber and also increases the resistant stress to cut the carbon fiber, cannot be observed. The pullout of carbon fiber initially occurs on the fracture interface (see Fig. 3(b) ). Since volume fractions of carbides and diffusion layer are too small, carbon fibers don't tremendously decay.
Although the friction force per interfacial area is not so large in the CFRA, it is effective to reinforce the CFRA because of the broad interface area of fine fiber. Thus, the integrated friction force at interface between carbon fiber and matrix is large enough to prevent to pull out the fiber. Although the tensile fracture strain is 0.038 for both Cu-25 at%Al alloy and its CFRA, the 2.9 vol%-carbon fiber reinforcement enhances the tensile strength from 141 to 195 MPa. The carbon fiber acts as a deformation resistance by fiber-reinforcement mechanics. Namely, static and dynamic frictions occurs at the joint interface to prevent the pullout of fine fibers from Cu-25 at%Al alloy matrix in CFRA as well as polymer matrix in carbon fiber reinforce polymer (CFRP). 4) Based on these results, the carbon fiber reinforcement enlarges the fracture stress.
Conclusion
By using a duplex-coated carbon fiber felt constructed with nickel interlayer and aluminum surface skin, a fiber-reinforced Cu-25 at%Al alloy (CFRA) has been successfully developed and applied for the carbon fiber junction device, which acts as a joining part of copper and aluminum. The 2.9 vol%-carbon fiber reinforcement enhances the tensile strength from 141 to 195 MPa and the deformation resistant stress at each strain in Cu-25 at%Al alloy. Tensile strength of the CFRA is higher than that of an aluminum rod, because the carbon fiber acts as a deformation resistance by fiberreinforcement.
